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1 INTRODUCTION

In January 1995, Winnebago Reclamation Services retained GeoTrans, Inc. to
construct and calibrate a three-dimensional numerical groundwater flow model to serve as a
decision/analysis tool for the existing Winnebago Reclamation Landfill (WRL) and permitted
expansion area in Rockford, Illinois. This modeling report describes the development and
calibration of the groundwater flow model developed by GeoTrans for the WRL site. The
calibrated groundwater flow model was used in March 1995 to estimate the number of
recovery wells necessary for capture of impacted groundwater migrating from the landfill
(GeoTrans, 1995¢). The groundwater flow model was recently refined based on results of
new hydrogeologic field investigations performed from late February to May, 1995. After
recalibration, groundwater flow modeling and particle tracking were used to demonstrate the
appropriateness of the location of upgradient bedrock background monitoring wells
(GeoTrans, 1995d).

Since the groundwater flow model synthesizes a large amount of hydrogeologic data
while obeying both Darcy’s law and conservation of mass, it is a very useful tool for
evaluating groundwater flow rates and direction when sufficient data is available. At the
WRL site, large amounts of hydrogeologic data have been collected to provide an excellent
characterization of the site-specific hydrogeology. Therefore, this model is expected to serve
as a very useful tool for understanding groundwater flow conditions at and near the WRL
site.

This groundwater flow model report is being submitted to both IEPA and USEPA in
order to serve as support for other documents and to assist regulators in understanding the
complex hydrogeologic conditions at the WRL site. As part of illinois ARARs, this report is
being submitted as part of the Application for Significant Modification to Permit for an
Existing Unit to be compliant with Title 35 Illinois Administrative Code (IAC) 814 Subpart
C. In this permit application, the groundwater flow model was used primarily to examtine the

appropriateness of background monitoring well locations.
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The model was also used as a decision/analysis tool for a design evaluation for a
groundwater recovery system at the WRL site. As stated in an earlier submitted engineering
design report (GeoTrans, 1995¢), the preliminary calibrated groundwater flow model
indicated that three recovery wells, each pumping at 150 gpm, are necessary to capture
impacted groundwater beneath the landfill. Because of the high capital and O&M costs
associated with treating this groundwater which has elevated ammonia levels, GeoTrans
(1995¢) recommended air sparging and in-situ, natural bioremediation.

The groundwater flow model has been recently refined based on new hydrogeologic
data collected from February to March in 1995, This refinement consisted primarily of
incorporating newly encountered clay zones west of Kilbuck Creek. However, since no
changes were necessary in hydrogeologic conditions in the area of the groundwater recovery,
the recalibrated groundwater flow model will provide very similar results regarding the

groundwater recovery system design.

1.1 SITE LOCATION AND PHYSICAL SETTING

The Winnebago Reclamation Landfill, also known as the Pagel Landfill, is an active
municipal solid waste disposal facility located approximately five miles south of Rockford,
Illinois (Figure 1-1). This 42.6 acre facility i< located on a topographic high bounded by
Kilbuck Creek to the west, Lindenwood Road to the east, and intermittent streams to the
north and south. Located to the east and upgradient of the WRL site is the Acme Solvents
Superfund Site.

The WRL site is located in the Rock River Hill Country of the Till Plains Section of
the Central Lowland Physiographic Province of lllinots (Figure 1-2) (Leighton, et al., 1948).
The Rock River Hill Country is characterized by subdued rolling hills which rise above
alluvial valleys. In the uplands, an extensive drainage system has been developed in which
natural lakes, ponds, and marshes are relatively limited in number. Major river valleys in the

area are broad with steep walls and alluvial terraces (Hackett, 1960; Leighton et al., 1948).
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Figure 1-3 presents a detailed topographic map of the WRL site with additional site
features. The topography of the site consists of a central area of high relief formed by
landfilling activities and flat to gently rolling areas away from the landfill. The land surface
elevation of the WRL site varies from approximately 706 feet msl at Kilbuck Creek just west
of the landfill to 802 feet msl on the top of the landfill. A small leachate collection pond is
located on top of the landfill. To the south of the landfill is a small (3.7 acres), low quality
wetland. An additional wetland is being constructed to the west of the landfill and is located
west of Kilbuck Creek (see Figure 1-3).

The primary hydrogeologic surface water feature in the vicinity of the WRL Site is
Kilbuck Creek. Kilbuck Creek, a perennial stream, flows generally to the north, and merges
with the Kishwaukee River approximately 2.5 miles to the northwest. The Kishwaukee River
merges with the Rock River about 1.5 miles northwest of the confluence of Kilbuck Creek
and the Kishwaukee River. Kilbuck Creek receives water from overland flow, discharge
from smaller perennial and intermittent streams, and groundwater discharge. The volumetric
discharge rate of Kilbuck Creek is highly variable. After major precipitation events, its stage
increases significantly and causes bank storage recharge to shallow groundwater. Based on
USGS stream gage data in 1988, the volumetric discharge rate of Kilbuck Creek varied from
a low of 15 cubic feet per second in September to a high of 188 cubic feet per second in April
(USGS, 1988).

The average annual precipitation near the WRL site is 37 inches based on data
collected from 1951 to 1980 at the RFD 222 Weather Service Office located approximately
1.5 miles northwest of the WRL site (NOAA, 1982). Precipitation is generally lowest in
February and highest in June. As expected, groundwater recharge is generally lowest in the

winter during frozen conditions and highest in the spring from snowmelt and greater rainfall.

1.2 STUDY OBJECTIVES AND SCOPE
The objective of this modeling study at the WRL is to develop a groundwater flow
model for use as a practical decision-making tool. To develop this model, existing

hydrogeologic data collected at and near the site and additional regional information found
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Figure 1-3.  Detailed Site Map.

(This figure can be found in the pocket in the back of this report.)
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in the literature were used. The scope of this study includes the development and calibration
of a three-dimensional groundwater flow model for an area surrounding the WRL site; future
use of the model for predictive simulations will be a part of future modeling investigations at

the site.
This groundwater flow modeling report describes the results of the following four

major components of the modeling study at the WRL site:

1. Development of a conceptual model of groundwater flow for the WRL based
on existing data collected at the site and contained in the literature;

2. Construction of a three-dimensional numerical groundwater flow model;

3. Calibration of the numerical groundwater flow model to measured conditions
at the site;

4, Analysis of groundwater flow directions and rates at the site.

GeoTrans,inc.



2 CONCEPTUAL MODEL

A conceptual groundwater flow model succinctly describes the principal components
of a groundwater flow system and is developed from regional, local, and site-specific data.
The primary components of groundwater flow systems include: 1) areal extent, configuration,
and type of aquifers and aquitards; 2) hydraulic properties of aquifers and aquitards;

3) natural groundwater recharge and discharge zones; 4) anthropogenic groundwater sources
and sinks; and 5) areal and vertical distribution of groundwater hydraulic head potential.
These aquifer system components serve as a framework for the construction of a numerical

groundwater flow model.

2.1 OVERVIEW OF REGIONAL HYDROGEOLOGY

This section of the report presents an overview of the regional hydrogeology of the
study area. This discussion emphasizes regional hydrogeologic features that affect
groundwater flow in the unconsolidated sediments, and the Galena and Platteville Groups.
Additional reports are available that provide a more detailed discussion of the regional
hydrogeology of northern Illinois, which includes groundwater flow in the St. Peter

Formation (i.e., Visocky et al., 1985; Berg et al., 1984; Hackett 1960; and others).

2.1.1 REGIONAL GEOLOGY

The uppermost geologic units of interest in the study area are the Quaternary
unconsolidated deposits and the underlying Ordovician dolomites of the Platteville and
Galena Groups. Figure 2-1 shows a generalized stratigraphic column for Winnebago County.
The Quaternary unconsolidated sediments vary from zero feet in thickness in areas to the east
where bedrock outcrops to over 400 feet in thickness in areas to the west where a major
bedrock valley is present. Although not present at the study area, the Maquoketa Shale is
present in the southeast portions of Winnebago County, and in other isolated portions in the

county. In the study area, unconsolidated sediments overlie dolomite bedrock of the Galena
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Group. Berg et al. (1984) state that the average thickness of the Galena Group is
approximately 250 feet in northern Illinois. The Platteville Group underlies the Galena
Group. The Platteville Group is approximately 100 feet thick in northern Illinois, and is
noted for its continuity over large areas. Below the Galena and Platteville Groups is the
Ancell Group, which consists of the Ordovician-age Glenwood and St. Peter Formations. A
general description of the lithology of each unit in the study area is provided below.

' The St. Peter Formation is a medium- to coarse-grained, well rounded and sorted,
poorly cemented, quartz sandstone. In areas where it has not been eroded, the St. Peter
Sandstone ranges in thickness from 200 feet to 360 feet with an average thickness in
Winnebago County of 265 feet (Hackett, 1960). Because of its friable nature, no recovery
was achieved in coring attempts in three borings at the Acme Solvent site. The St. Peter is
areally extensive and is widely used as an aquifer in Winnebago County.

The Glenwood Formation overlies the St. Peter Formation. The Glenwood Formation
generally consists of interbedded carbonates, sandstone, and shale. The lithology of the
Glenwood Formation is highly variable both vertically and laterally. The carbonates are light
gray to green and lithographic to finely crystalline. The sandstones within this formation are
fine- to coarse-grained with well-rounded quartzose sand. The shales are generally gray-
green to blue-green, and occur as thin partings within the sandstones and carbonates, At soil
boring STI-DCI1, located at the Acme Solvent site, the Glenwood Formation is 36 feet thick
and is moderately to little fractured except for the extensive fracturing in its basal beds.

Overlying the Glenwood Formation, the Platteville and Galena Groups have a
combined thickness of approximately 350 feet in Winnebago County. These two groups are
distinguished primarily through subtle differences in silt and clay content. The Platteville
Group consists of limestone formations that are continuous over large distances. The Galena
Group is divided into two subgroups: 1) shaley Decorah subgroup at its base; and 2)
relatively pure limestone and dolomite Kimmswick subgroup that forms most of the Galena
Group. Hydrogeologic studies at the WRL and Acme sites indicate that the upper part of the
Kimmswick subgroup is weathered with numerous fracture zones (Staurowsky, 1991;

Warzyn, 1991; HLA, 1990).

10
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Figure 2-2 shows the areal geology of the bedrock surface in Winnebago County
(Horberg, 1984). This figure shows that the WRL site overlies the Ordovician-age Galena
and Platteville Groups. It is also apparent that the WRL site lies on the eastern edge of a
major bedrock valley in which the Galena and Platteville Groups have been eroded, exposing
the Ancell Group. The Ancell Group is also exposed in another major bedrock valley located
approximately five miles east of the study area.

A regional bedrock surface elevation map, which includes the study area, is presented
in Figure 2-3. The two bedrock valleys mentioned above are more clearly shown in this
figure. In the bedrock valley located west of the site, the elevation of bedrock decreases to
approximately 450 feet msl in the central part of the valley. Figure 2-3 also shows that, in
the vicinity of the WRL site, bedrock is present at elevations ranging from approximately 650
feet msl to the west and 750 feet msl to the east. Northeast of the site, bedrock elevation
increases to approximately 800 feet ms! in a local bedrock topographic high area.

Figure 2-4 shows the major regional bedrock valleys in northemn Illinois. The two
bedrock valleys in the study are the Upper Rock and Troy Bedrock Valleys. These ancient
deeply-incised bedrock valleys were filled with unconsolidated sediments during Illinoisan
and Wisconsin episodes of glaciation. The Upper Rock Bedrock Valley, which now
coincides with the present day Rock River, is located just to the west of the WRL. The Troy
Bedrock Valley is located approximately five miles to the east of the WRL.

As stated earlier, unconsolidated sediments overlie the Kimmswick subgroup of the
Galena Group in the study area. The unconsolidated sediments consist of primarily glacial
drift deposits which include both ice and water-lain materials. The regional thickness of
these glacial deposits 1s shown in Figure 2-5. The poorly-sorted sand and gravel glacial ice-
contact deposits of the Wasco Member of the Henry Formation are mapped as present
beneath the WRL site and to the east (Figure 2-6). West and north of the site, the sand and
gravel outwash deposits of the Mackinaw Member of the Henry Formation are present. In
the floodplain of Kilbuck Creek, Cahokia alluvium overlies the Mackinaw Member deposits.
To the south of the WRL site, the surficial deposits are mapped as the clays of the Esmond
Member of the Glasford Formation (Berg et al,, 1984).

11
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2.1.2 REGIONAL HYDﬁbSTRATIGRAPHY

Based on the details discussed above, these regional stratigraphic units were classified
into regional hydrostratigraphic units. This classification is consistent with other
hydrogeologic studies in the study area (i.e., Kay, 1991; Staurowsky, 1991; Warzyn, 1991).
For example, the poorly sorted sand and gravel deposits of the Wasco Member, sand and
gravel outwash deposits of the Mackinaw Member, Cahokia Alluvium, and other
transmissive hydraulically connected unconsolidated units in the area are classified as the
sand and gravel aquifer. The Galena and Platteville Groups are classified to be the Galena-
Platteville dolomite bedrock aquifer. The sand and gravel aquifer and the dolomite bedrock
aquifer are hydraulically connected, and form the unconsolidated and upper bedrock aquifer
system. Below the unconsolidated and upper bedrock aquifer system is the Glenwood
Formation, which forms the basal confining unit for this aquifer system. Below the
Glenwood Formation, the St. Peter Sandstone forms part of a separate confined aquifer
system.

Although a regional potentiometric surface map is not available for the
unconsolidated and upper bedrock aquifer system, Figure 2-7 shows a large-scale regional
potentiometric surface map which includes the Galena-Platteville bedrock aquifer. It is
apparent that a regional groundwater divide is present approximately three miles west of the
study area. To the west of the divide, groundwater flows to the west toward the Rock River
with local flow toward the Kishwaukee River. To the east of the divide, groundwater flows
to the east toward the large cones of depression caused by pumping in the greater Chicago
area,

In areas where the unconsolidated and upper bedrock aquifer system is present,
groundwater flow in the unconsolidated and bedrock aquifer system is expected to be
generally consistent with the potentiometric surface map shown in Figure 2-7. For example,
the groundwater recharge area and divide of the unconsolidated and upper bedrock aquifer
system is the bedrock uplands area located approximately three miles west of the study area

(Figure 2-3). This is consistent with the regional divide (Figure 2-7). To the east of the
17
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bedrock uplands, groundwater flow in the unconsolidated and upper bedrock aquifer system
is expected to be to the east toward the Troy Bedrock Valley unconsolidated sediments. To
the west of the bedrock uplands, groundwater flow is to the west toward the higher permeable
sand deposits in the upper Rock Bedrock Valley (GeoTrans, 1995; Kay, 1991; Warzyn,
1991).

2.2 SITE-SPECIFIC HYDROGEOLOGY

This section provides a detailed discussion of the site-specific hydrogeology at and
near the WRL site. Using the data collected during the extensive hydrogeologic field
investigations from February 1995 to May 1995, hydrogeologic cross sections were
constructed (Figures 2-8 to 2-14) to show hydrogeologic conditions in the study area. A
compilation of bedrock surface elevations throughout the study area was performed to
develop a detailed bedrock surface map of the study area (Figure 2-15). Potentiometric
surface maps of the upper unconsolidated zone, lower unconsolidated zone, and bedrock zone
are also presented (Figures 2-16 to 2-18). The details of these site-specific hydrogeologic
features are discussed below.

In agreement with the regional geology, the local geology of the study area consists of
high permeability Pleistocene unconsolidated glacial drift deposits overlying lower
permeability Ordovician dolomite bedrock. The dolomite bedrock outcrops upgradient to the
east of the WRL site and decreases in elevation to the west in the Upper Rock Bedrock
Valley. The WRL site is present on the east edge of the Upper Rock Bedrock Valley.

Several terraces have been identified in bedrock which indicated a north-south trend in the
ancient fluvial depositional environment near the WRL (Staurowsky, 1991). The actual trend
may be more complex as exhibited by the site-specific bedrock topographic surface map
provided in Figure 3-8. Below the WRL site, the unconsolidated sediments form a clastic
wedge that creates higher saturated thicknesses and corresponding higher transmissivities
toward the west. A discussion of probable modes of deposition of the unconsolidated

sediments in the study area is provided in Staurowsky (1991).
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Based on the large number of soil borings drilled and logged in the study area, six
hydrogeologic cross sections are presented along the transects (see Figure 2-8). These cross
sections clearly show the westward slope in bedrock beneath the WRL site that was discussed
above. Along some of these cross section transects, a thin veneer of Cahokia clays, silts, and
sands are present near Kilbuck Creek. The higher permeable sand and gravel deposits of the
Mackinaw Member of the Henry Formation are shown along transects in the west part of the
study area. On the eastern portion of the WRL site, the cross sections show the poorly sorted
ice-contact deposits of the Wasco Member of the Henry Formation. Thick deposits of lower
permeability clays and silts are present both south of the WRL near G111 (transect F-F') and
northwest of Kilbuck near G37 (transect A-A'), These clay sediments are tentatively
identified as part of the Esmond Member of the Glasford Formation based on lithology. In
the upper bedrock, transects B-B' and C-C' show the inherent bedrock fractures that are
present to the east of the WRL site.

In agreement with the regional groundwater flow characteristics discussed above, the
site-specific surficial hydrostratigraphy consists of the Pleistocene sand and gravel aquifer
and the Galena-Platteville dolomite bedrock aquifer. These aquifers are well connected and
form the unconsolidated and upper bedrock surficial aquifer system. Unconfined conditions
are present in the bedrock uplands where only bedrock is saturated and west of the Acme site
where the unconsolidated sediments become saturated. Below the saturated unconsolidated
sediments, the bedrock aquifer is unconfined to semi-confined with a generally higher
piezometric head than the water table. This indicates that groundwater in the lower
permeable dolomite has the potential to flow upward into the higher permeability sand and

gravel aquifer.

2.2.1 SAND AND GRAVEL AQUIFER

The Pleistocene aquifer saturated thickness varies from zero feet on the east side of
the WRL site where bedrock outcrops to 80 feet at G37 located northwest of the WRL. In
the study area, the Pleistocene sand and gravel aquifer consists of high permeability sand and

gravel outwash deposits of the Mackinaw Member of the Henry Formation, and ice-contact
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deposits of the Wasco Member of the Henry Formation. To the northwest and south of the
WRL, lower permeability clay aquitards are present which create local semi-confined
conditions within the sand and gravel aquifer.

The hydraulic properties of each hydrostratigraphic unit at the WRL site have been
characterized through pumping, bail-down, slug, and laboratory tests to estimate hydraulic
conductivity within the hydrostratigraphic units. A seven hour aquifer pumping test was
performed at RW-01 using a pumping rate of 130 gpm. The resulting maximum drawdown
at each of the observation wells was only 0.5 feet. A detailed analysis of this aquifer test
indicates that the hydraulic conductivity of the sand and gravel aquifer is 1500 ft/day. Slug
testing of wells screened in the sand and gravel aquifer indicate that the hydraulic
conductivity varies from less than 0.5 ft/day in higher clay content areas to greater than 1000
ft/day in gravel zones. It should be noted that the results of the pumping test are more
reliable indicators of average aquifer permeability than slug tests because pumping tests
evaluate a significantly greater volume of aquifer material. Results of laboratory tests for
total porosity for the sand and gravel aquifer sediments are provided in Table 3.1.

Groundwater flow is primarily vertical through low permeability aquitards, and
therefore, the vertical hydral;lic conductivity is the most important hydraulic parameter for an
aquitard. During the field investigations from March to May, 1995, Shelby tube samples
were collected from the thick clay sediments present west-northwest of the study area at the
(G34 and G37 well clusters (see Figure 2-9). These sediments create locally confined
groundwater conditions in the lower zone of the sand and gravel aquifer. The hydraulic
conductivity of these samples was analyzed using laboratory permeability tests. The results
of these analyses indicated that the vertical hydraulic conductivity of the clay aquitard was
0.00037 ft/day to 0.0045 ft/day.

An examination of the potentiometric surface maps (Figures 2.16 to 2.18) shows that
groundwater in the sand and gravel aquifer generally flows to the west-northwest in the study
area. Shallow groundwater discharges to Kilbuck Creek. Deeper groundwater flows beneath
Kilbuck Creek toward the northwest. Along different groundwater flow pathways, the

average horizontal hydraulic gradient varies from 0.003 to 0.009 ft/day (GeoTrans, 1995c).
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Based on observed gradients and hydraulic conductivities, the average linear velocity in the

sand and gravel aquifer is approximately 25 ft/day.

2.2.2 DOLOMITE BEDROCK AQUIFER

Site-specific studies indicate that the Galena and Platteville Groups form the dolomite
bedrock aquifer beneath the study area (HLA, 1950; Warzyn, 1991). The dolomite bedrock
aqhifer saturated thickness is approximately 225 feet in the study area. The dolomite bedrock
aquifer is recharged primarily in the bedrock uplands via precipitation events. Additional
recharge to the Galena-Platteville aquifer occurs due to leakage from the intermittent stream
located west of the WRL site.

The hydraulic properties of the Galena-Platteville dolomite bedrock aquifer have been
characterized through several studies (HLA, 1990; Warzyn, 1991; GeoTrans, 1995). Warzyn
performed slug tests on four bedrock wells using air pressure. The analysis methods and
results of these slug tests are provided in the RI/FS report (Warzyn, 1991). Pumping tests of
the bedrock aquifer were performed in 1990 (HLA, 1990). Production tests were recently
performed on potential recovery wells for a groundwater remediation system (summer 1995
start date) at the Acme Solvents site. Recently, air pressure slug tests were performed in a
few wells screened in the dolomite bedrock aquifer. The details of the analysis procedures
and results are provided in GeoTrans (1995a). Based on these aquifer tests, the hydraulic
conductivity of the dolomite bedrock aquifer varies from 0.001 to 68 ft/day. These pumping
tests also indicated the presence of a low permeability zone at the Acme Solvent site. It
should be noted that a high permeability zone is also present between the Acme Solvent site
and the WRL site based on observed fracture zones and low hydraulic gradients. This high
permeability zone is described in detail in the RI/FS report (Warzyn, 1991).

Potentiometric surface maps (Figures 3-9 to 3-20) show that groundwater flow in the
dolomite bedrock aquifer is generally to the west in the study area. Shallow bedrock
groundwater flows upward into the higher permeability sand and gravel sediments. Deeper
bedrock groundwater flows beneath Kilbuck toward the west. The presence of groundwater

mounding at the Acme Solvent site may be caused by both recharge from the intermittent
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stream and the localized low permeability zone. Based on observed gradients and hydraulic
conductivities, the average linear velocity in the dolomite bedrock aquifer is approximately

0.001 to 6.8 ft/day.

2.2.3 UNCONSOLIDATED AND BEDROCK AQUIFER SYSTEM

As stated earlier in Section 2.1.2, the unconsolidated and Galena-Platteville dolomite
sediments form a regional unconsolidated and upper bedrock aquifer system. Detailed
studies at the WRL site show a site-specific hydrostratigraphic setting which is consistent
with this regional interpretation. Figure 2-19 shows a generalized cross section of the
hydrogeologic conditions at the WRL stte based on the substantial amount of hydrogeologic
data collected in the study area. This figure shows that groundwater flow in the
unconsolidated and upper bedrock aquifer system is generally toward the west-northwest. In
areas where only bedrock is saturated, groundwater flows downward in these bedrock upland
sediments. However, in areas where the sand and gravel sediments are saturated, bedrock
groundwater flows upward back into these higher permeability sand and gravel deposits.
This interpretation is supported by the: 1) historical potentiometric surface maps (GeoTrans,
1995a); 2) presence of elevated levels of chlorinated compounds in bedrock at the upgradient
Acme Solvent Superfund Site (HLA, 1990); and 3) by the absence of landfill leachate-related
constituents in bedrock at the WRL site (GeoTrans, 1995b).

224 BAsaL CONFINING UNIT

The basal confining unit at and near the WRL site is the Glenwood Formation. As
stated above, the Glenwood Formation generally consists of interbedded carbonates,
sandstone, and shale. The lithology of the Glenwood Formation is highly variable both
verticatly and laterally. The carbonates are light gray to green and lithographic to finely
crystalline. The sandstones within this formation are fine- to coarse-grained with well-
rounded quartzose sand. The shales are generally gray-green to blue-green, and occur as thin

partings within the sandstones and carbonates. At soil boring STI-DC1, located at the Acme
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Solvent site, the Glenwood Formation is 36 feet thick and is moderately to little fractured
except for the extensive fracturing in its basal beds. Based on lithology, the permeability of
the Glenwood Formation is expected to be low with minor amounts of groundwater flow

through this basal confining unit.
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3 FLOW MODEL CONSTRUCTION

The simulation program MODFLOW was used to develop a numerical groundwater
flow model for the WRL. The primary phases in the development of a numerical
groundwater flow model include: 1) the construction of a finite-difference grid for the model
area; 2) specification of model layer top and bottom elevations; 3) assignment of boundary
conditions; 4) specification of hydraulic parameter values and zones; and 5) selection of
appropriate water-level measurements for calibration of the model. This information forms
the basis for subsequent calibration of the numerical model to observed groundwater flow

conditions at the site.

31 CODE SELECTION AND DESCRIPTION

For the simulation of groundwater flow at the WRL site, MODFLOW, a publicly
available groundwater flow simulation program developed by the U.S. Geological Survey
(McDonald and Harbaugh, 1988) was selected. MODFLOW is thoroughly documented,
widely used by consultants, government agencies, and researchers, and is consistently
accepted in regulatory and litigation proceedings. Given the ultimate intended use for the
WRL groundwater flow model as a remedial decision-making tool, regulatory acceptance is
vital for the code selected for this study.

In addition to its attributes of widespread use and acceptance, MODFLOW was
chosen because of its versatile simulation features. MODFLOW can simulate transient or
steady-state saturated groundwater flow in one, two, or three dimensions and offers a variety
of boundary conditions including specified head, areal recharge, injection or extraction wells,
evapotranspiration, drains, and rivers or streams. Aquifers simulated by MODFLOW can be
confined or unconfined, or convertible between confined and unconfined conditions. For the
WRL site, which consists of a multiaquifer system with variable hydrogeologic unit

thicknesses and boundary conditions, MODFLOW's three-dimensional capability and
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boundary condition versatility are essential for the proper simulation of groundwater flow
conditions.
MODFLOW simulates transient, three-dimensional groundwater flow through porous

media described by the following partial differential equation for a constant density fluid:

Af )L af B, 2 )y g o
ox ’fx Ox dy dz\ *oz * ot

where:

K. K,and K,

values of hydraulic conductivity along the x, y, and z
coordinate axes, which are assumed to be parallel to the major
axes of hydraulic conductivity [L/T];

= the potentiometric head [L};

a volumetric flux per unit volume and represents sources and/or
sinks of water [1/TT;

the specific storage of the porous material [1/L]; and

time [T];

2:"
I

-~ wn
[

In equation (3-1), the hydraulic parameters (i.e., K, K,,, K,, and S;) may vary in space but
not in time; the source/sink (W) terms may vary in both space and time.

To solve the partial differential groundwater flow equation (3-1) on a computer,
MODFLOW uses a numerical approximation technique known as the method of finite
differences, Using a block-centered finite-difference approach, MODFLOW replaces the
continuous system represented in equation (3-1) by a set of discrete points in space and time.
This process of discretization ultimately leads to a system of simultaneous linear algebraic
equations. MODFLOW solves these finite-difference equations with one of the following
three iterative solution techniques: strongly implicit procedure (SIP), slice-successive over-
relaxation (SSOR), or preconditioned conjugate gradients (PCG). The solution of the finite-
difference equations produces time-varying values of head at each of the discrete points

representing the real aquifer system. Given a sufficient number of discrete points, the
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simulated values of head yield close approximations of the head distributions given by exact

analytical solutions to equation (3-1).

3.2 MODEL DISCRETIZATION

The finite-difference technique employed in MODFLOW to simulate hydraulic head
distributions in multiaquifer systems requires areal and vertical discretization or subdivision
of the continuous aquifer system into a set of discrete blocks that form a three-dimensional
model grid. In the block-centered finite-difference formulation used in MODFLOW, the
center of each grid block corresponds to a computational point or node. When MODFLOW
solves the set of linear algebraic finite-difference equations for the complete set of blocks, the
solution yields values of hydraulic head at each node in the three-dimensional grid.

Water levels computed for each block represent an average water level over the
volume of the block. Thus, adequate discretization (1.e., a sufficiently fine grid) is required to
resolve features of interest, and yet not be computationally burdensome. MODFLOW allows
the use of variable grid spacing such that a model may have a finer grid in areas of interest
where greater accuracy is required and a coarser grid in areas requiring less detail.

Because groundwater flow at the WRL site is primarily horizontal in the aquifers and
vertical through the aquitards, the model designed by GeoTrans simulates vertical
groundwater flow through the aquitard using a quasi-three-dimensional approach. In this
approach, only aquifers are vertically discretized as layers in the model; aquitards are
represented by leakance coefficients, which regulate the amount of vertical flow between
aquifers. Based on the hydrostratigraphy at the site, GeoTrans used two layers of vertical
discretization to simulate flow in the sand and gravel aquifer and three layers to simulate
flow in bedrock. The flow model represents the: 1) upper sand and gravel; 2) lower sand and
gravel; 3} upper bedrock; 4) intermediate bedrock; and 5) lower bedrock by model layers 1,
2,3, 4 and §, respectively (Figure 3-1).

The three-dimensional model grid developed for the WRL site covers approximately
4.2 square miles (Figure 3-1). The boundaries of the model grid were specified to coincide

with natural hydrogeologic boundaries when possible and to minimize the influence
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of model boundaries on simulation results at the site. The model domain is approximately
2.2 miles along the east-west boundary and 1.9 miles along the north-south boundary. The
finite-difference grid is composed of 115 columns by 124 rows with five vertical layers for a
total of 42,780 nodes. The model grid uses a 20-foot areal grid spacing in the area of the site
to provide increased computational detail in the area of interest and grades to larger grid
spacing at greater distances from the site.

The extent of the finite-difference grid and the 20-ft areal grid spacing used at the
downgradient edge of the WRL site were selected for the purpose of simulating both regional
groundwater flow conditions around the site, and sufficiently detailed hydraulic head
distributions near the site. The extent chosen for the grid ensured adequate incorporation of
regional groundwater flow features that affect conditions at the site. The areal grid spacing
specified near the WRL site allowed a sufficiently detailed simulation of hydraulic heads to
match water levels and groundwater flow directions measured at the site. Meeting both of
these objectives was essential for the calibration of the three-dimensional groundwater flow

model.

33 BOUNDARY CONDITIONS

External model boundaries were chosen to coincide with the regional flow directions
of the unconsolidated and upper bedrock aquifer system. The groundwater flow model
boundary conditions for each model layer are discussed below. The simulated boundary
conditions vary according to hydraulic conditions encountered in each layer and are also
discussed in detail below.,

Along the east and west boundaries of the model, we assigned constant head
boundary conditions to represent groundwater inflow and cutflow to and from each aquifer
(layer) of the model (Figure 3-2 and 3-3). The constant head values were estimated based on
observed vertical and horizontal hydraulic gradients in the vicinity of each model boundary.
Since regional groundwater flow 1s primarily east to west, no-flow boundary conditions were
specified on the northerm and southern model boundaries to correspond with regional flow

lines.
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River boundary conditions were specified in model layer 1 to represent Kilbuck Creek
(Figure 3-2). The river stage elevation for these river cells was assigned based on observed
elevations at several stream gages (SG-1 through SG-4) on February 17, 1995. River stage
elevations were estimated between these points using linear interpolation. The conductance
of surface water bottom sediments in each river cell was calculated based on the length of
reach in each cell, the width of each surface water feature, a bottom sediment thickness of
one foot, and a bottom sediment hydraulic conductivity equal to 0.1 ft/day at each cell.

An extensive amount of regional (Visocky, 1985; Berg, 1984; Hackett, 1960) and
site-specific (Warzyn, 1991a) hydrogeologic data were used to construct regional structural
contour elevation maps of the distinct zones of both the unconsolidated and bedrock aquifers.
The contours of these maps were then digitized and interpolated values were specified for
each corresponding cell in the model grid in order to define the vertical discretization of
model layers. The elevations of each layer (aquifer) in the numerical model are shown in

Figures 3-4 through 3-8.

3.4 HYDRAULIC PARAMETERS

In constructing the model for the WRL site, representative values for model
parameters were chosen based on site-specific data. These model parameters inciuded
aquifer recharge rate, horizontal and vertical hydraulic conductivity of the aquifers, and
vertical hydraulic conductivity of the aquitard. Initially, a uniform recharge rate was
assigned in the model to represent the fraction of total precipitation reaching the water table.
The model also included separate initial values of hydraulic conductivity in the unconsolidat-
ed and bedrock aquifers based on the more reliable site-specific pump test data. Vertical
hydraulic conductivities in the mode] had a nonuniform initial distribution to represent
heterogeneity. During the calibration of the model, the values .of these parameters were
adjusted to minimize the error between observed and simulated groundwater elevations at

target locations.
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3.5 CALIBRATION TARGETS

Calibration targets are a set of field measurements, typically groundwater elevations,
which are used to test the ability of a model to reproduce actual conditions within a
groundwater flow system. For the calibration of a steady-state (time-invariant) model, the
goal in selecting calibration targets is to define a set of water-level measurements that
represent the average elevation of the water table or potentiometric surface at locations
thfoughout the model domain.

Monitor wells and water-level elevations were chosen to calibrate the WRL flow
model. This list of calibration targets is based on water level data collected on February 17,
1995. The calibration targets comprise a total of 81 monitor wells: 20 targets in the upper
zone of the sand and gravel aquifer (layer 1); 11 targets in the lower zone of the sand and
gravel aquifer (layer 2); 40 targets in the upper zone at the dolomite aquifer; 9 targets in the
intermediate zone of the dolomite aquifer; and 3 targets in the deep zone at the dolomite

aquifer.
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4 GROUNDWATER FLOW MODEL CALIBRATION

Calibration of a groundwater flow model refers to the process of adjusting model
parameters to obtain a reasonable match between observed and simulated water levels. In
general, model calibration is an iterative procedure that involves variation of hydraulic
properties or boundary conditions to achieve the best match between observed and simulated
water levels. During model calibration, site-specific data and pumping tests were used as the
primary constraints for the calibrated values of hydraulic conductivity based on the greater

reliability of this data.

4.1 CALIBRATION PROCEDURE

For best calibration results, calibration of a model should rely on discrete
measurements to produce answers free of contouring interpretations and artifacts. In the
calibration of a groundwater flow model, use of point data eliminates the potential for
interpretive bias that may result from attempting to match a contoured potentiometric surface
(Konikow, 1978; Anderson and Woessner, 1992). In calibrating the groundwater flow model
for the WRL site, 81 water-level calibration targets measured in monitor wells distributed in
the unconsolidated and bedrock aquifer system were used (Table 4-1).

As a further goal for the calibration of a model, GeoTrans relies on the principle of
parameter parsimony, which seeks to achieve an adequate calibration of a model through the
use of the fewest number of model parameters was relied on. It should be noted that the use
of greater numbers of model parameters during model calibration creates a situation in which
many combinations of model parameter values produce equivalent calibration results. In this
case, the model calibration parameters are called nonunique. Following the principal of
parameter parsimony reduces the degree of nonuniqueness and results in more reliable
calibrated parameter values. The information gathered for the conceptual model guides any

decision to add model parameters (e.g., zones of hydraulic conductivity) to the model during
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Table 4-1.

Observed Versus Simulated Groundwater Elevations for the Calibrated Model
in the Vicinity of the Winnebago Reclamation Landfill.

Observed Simulated
: Water Level Water Level Residual’
Weli (ft msl) {ft msl) {ft)
B1 729.070 729.473 -0.403
B10 712.590 717.280 -4.69
B10A 713.440 717.280 -3.84
B11 719.390 718.562 0.828
Bt1A 718.880 718.562 0.328
B12 720.020 717.841 2.18
813 713.660 713.348 0.312
B14 711.300 711.725 -0.425
B14A 710.900 711.723 -0.823
B15 707.550 707.456 0.053
B15P 707.820 710.125 -2.30
B16 722.920 723.678 -0.758
B2 728.900 727.965 0.935
B84 730.880 731.744 -0.864
86D 724.810 723.879 0.831
B6S 726.470 726.947 0477
87 728.750 729.644 -0.894
B8 721.070 719.512 1.56
B9 721.730 721.487. 0.24
E3 709.940 710.429 -0.489
G104 707.170 707.142 0.032
G105R 719.100 717.856 1.24
G108 715.090 717.657 -2.57
G109 720.990 717.861 3.13
G110 715.080 714.640 0.44
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Table 4-1.

Observed Versus Simulated Groundwater Elevations for the Calibrated Model

in the Vicinity of the Winnebago Reclamation Landfill (Continued).

Observed Simulated [
Water Level Water Level Residual'
Well {ft mg__l) (ft msl) (ft)
G111 716.880 717.371 -0.391
G111A 716,980 717.342 -0.362
1G112 720.390 717.874 2.52
G113 718.670 717.082 1.59
G1134 718.440 717.098 1.34
G114 718.460 715.901 2.56
G115 713.180 712.912 0.268
G116 706.250 706.919 -0.669
G116A 706.510 706.924 -0.414
G116D 706.580 707.648 -1.07
G117 707.080 706.994 0.086
G118A 707.310 707.191 0.119
G118R 707.310 707.192 0.118
R119 706.910 707.079 -0.169
G119A 706.660 707.083 -0.423
G122 719.570 717.859 1.71
G123 712.200 710.934 1.27
G124 711.940 711,678 0.262
G127 711.190 711.447 -0.257
G128 710.830 711.156 -0.326
G130 708.090 707.430 0.660
G130A 708.130 708.392 -0.262
G131 708.460 708.601 -0.141
G131A 710.250 709.778 0.472
G132 706.950 708.072 -1.12
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Table 4-1.

Observed Versus Simulated Groundwater Elevations for the Calibrated Model

in the Vicinity of the Winnebago Reclamation Landfill {Continued).

Observed Simulated
Water Level Water Level Residual
Well {ft msl) (ft msl) {ft)
G26D 711.410 711.695 -0.285
MW102 730.210 732.146 -1.94
MW103 730.920 729.205 1.72
MW106 706.790 707.052 -0.262
MW201B 723.550 724244 -0.694
P3R 706.780 707.153 -0.373
P4R 706.900 707.161 -0.261
P& 713,210 713.996 -0.786
P8 726.530 726,472 0.058
PS 726.570 726.472 0.098
STI-1D 730.760 731.405 -0.645
STI-11 730.490 731.835 -1.35
STI-18 730.950 732423 -1.47
ST1-2D 722,640 721.418 1.22
STI-28 722.070 721.857 0.213
STI4D 720.680 722.854 -2.17
STi-4] 721.000 723.153 -2.15
STI-4S 722.380 723.495 -1.11
STI-5D 720.520 720.491 0.029
STI-51 721.560 722 006 -0.446
B16A 722.970 721644 1.33
B5 726.000 725.012 0.988
E2A 714 570 713,285 1.28
G109A 719.880 717.483 2.40
G26 711.400 711696 -0.296
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Table 4-1.

Observed Versus Simulated Groundwater Elevations for the Calibrated Model

in the Vicinity of the Winnebago Reclamation Landfill (Continued).

Observed Simulated
Water Level Water Level Residual’
Well (ft msl) {ft msl) (ft)
MwW105 726.490 726.847 -0.457
MW201A 719.920 722.878 -2.96
STi-2! 722.500 721.418 1.08
G120B 721.040 720.457 0.583
G107 708.380 707.709 0.671
P-1 706.790 707.060 -0.270

'Residual = Observed - Simulated Water Level.
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the calibration process. Therefore, in the absence of hydrogeologic evidence, the simpler
model is preferred.

An automatic parameter estimation procedure was applied to calibrate the
groundwater flow model. Starting with a set of initial estimates for the model parameters, the
procedure systematically updates the parameter estimates to minimize the difference between
simulated and observed water levels at a set of calibration targets. Compared to trial and
error procedures for model calibration, automatic parameter estimation can greatly reduce the
time required for model calibration and generally provide a better overall calibration. The
general algorithm applied in conjunction with the MODFLOW code is known as the Gauss-
Newton method and is described in greater detail in Hill (1992).

The primary criterion for evaluating the calibration of a groundwater flow model is
the difference between simulated and observed water levels at a set of calibration targets. A
residual or model error, e, is defined as the difference between the observed and simulated

hydraulic head measured at target location:

e. =h - h (4-1)

where h; is the measured value of hydraulic head and f. is the simulated value at the I target

location. A residual with a negative sign indicates over-prediction by the model (i.e., the
simulated head is higher than the measured value). Conversely, a positive residual indicates
under-prediction.

The automatic parameter estimation procedure seeks to minimize an objective

tunction defined by the residual sum of squares (RSS):

RSS = f:(hi - ﬁi)z (4-2)

i=1
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where n is the total number of calibration targets. The RSS is the primary measure of model
fit. The residual standard deviation (RSTD), which normalizes the RSS by the number of

calibration targets and number of estimated parameters (p), is defined as follows:

RSTD = | RSS (4-3)
n-p

The RSTD is useful for comparing mode! calibrations with different numbers of calibration

targets and estimated parameters. Another calibration measure is the mean of all residuals

(h):

E:-l— e (4-4)
n -

A mean residual significantly different from zero indicates model bias. The Gauss-Newton

parameter estimation procedure produces a near zero mean residual at the minimum RSS.

4.2 CALIBRATION RESULTS

The groundwater flow model calibration required approximately 75 individual
computer simulations during the application of the automatic parameter estimation code.
Using a wide range (zero to 18 in/yr) of constant areal recharge rates, vertical and horizontal
hydraulic conductivity values were estimated using the automatic parameter estimation
technique. Only moderately high values of constant areal recharge rate (13 to 18 in/yr)
produced the observed distribution of water levels with reasonable estimated values of
hydraulic conductivity in both the unconsolidated and bedrock aquifers. Once this range of
areal recharge rate was determined, parameter estimation was continued to provide more
refined estimates of each model parameter value during calibration.

Using the 81 water-level targets selected for the calibration of the WRL groundwater

flow model, the calibration of the model was evaluated through the analysis of: 1) simulated
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hydraulic head distributions in the model; 2) residual statistics; and 3) estimated hydraulic

parameters.

4.2.1 SIMULATED HYDRAULIC HEAD DISTRIBUTIONS

As a part of evaluating the calibration of the numerical model, simulated
potentiometric surface maps were prepared for each of the aquifers to show regional
grbundwater flow conditions over the entire model domain (Figures 4-1 through 4-5). Fora
more detailed assessment, we also developed simulated potentiometric surface maps for a
local area encompassing the WRL site (Figures 4-6 through 4-10).

The simulated regional water levels in the sand and gravel aquifer are shown in
Figures 4-1 and 4-2. It is apparent that groundwater flow is generally toward Kilbuck Creek
in the upper part of the sand and gravel aquifer. In the lower part of the sand and gravel
aquifer, groundwater also discharges to Kilbuck Creek via upflow to the upper zone.

Figures 4-3 through 4-5 show the simulated regional water levels in the dolomite
bedrock aquifer. Groundwater flow in this aquifer is primarily to the west. A large amount
of groundwater flows upward and discharging to the higher permeability sand and gravel
aquifer. In the deep zone, however, groundwater flows primarily horizontally toward the
west.

Figure 4-6 shows the simulated local water levels and model residuals in the upper
part of the sand and gravel aquifer. In this aquifer, shallow horizontal groundwater flow is
generally toward Kilbuck Creek. It is apparent that groundwater mounding occurs south of
the landfill near G115. This mounding is formed due to the presence of lower permeability
silts and clay in the upper zone of the sand and gravel aquifer. The contours and model
residuals indicate an excellent match with observed flow directions and water-level
elevations (see Figure 2-16). |

The simulated local water levels and residuals for the lower zone at the sand and
gravel aquifer are shown in Figure 4-7. Simulated groundwater flow directions and water-

level elevations exhibit a good match with the measured flow directions and water-level
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elevations (see Figure 2-17). The low model residual values also indicate the close match
between simulated and measured water levels. These hydraulic head contours also show that
groundwater flows beneath Kilbuck Creek and toward the northwest, as shown by particle
tracking (see Section 5.2).

Figures 4-8, 4-9, and 4-10 show the simulated local water levels and residuals in the
upper, intermediate, and lower zones of the dolomite bedrock aquifer. In this bedrock
aquifer, groundwater flows generally to the west, which agrees well with the observed
potentiometric surface map (see Figure 2-18). In addition, the low values of the model
residuals show a good match between simulated and observed water-level elevations. The
mounding of hydraulic head contours at the Acme site indicates the presence of a zone of
lower hydrauiic conductivity or possibly, an area of preferential recharge. A pumping test
near B-6 indicates that a low permeability zone is present in this area ( HLA, 1990).

Therefore, this area was represented by a low hydraulic conductivity zone in the model (see

Section 4.2.3).

4.2.2 ANALYSIS OF RESIDUALS

The calibration of the groundwater flow model for the WRL site sought to minimize
the residual sum of s;juares (equation 4-2) computed for the 81water-level calibration targets.
Table 4-1 lists the simulated water elevations and model residuals for each of the calibration
targets. The local maps of simulated hydraulic heads (Figure 4-6 through 4-10) show the
spatial distribution of these residuals in each of the aquifers. The largest computed residual
for the entire set of targets is 4.69 feet. Only ten residuals out of the 81 targets exceed two
feet. Nearly 75 percent of the targets have residuals of 1.5 foot or less. Overall, the model
shows a very good match to the measured water levels at the site. For each layer in the
model, Figures 4-11 through 4-12 show graphically the agreement between observed and
simulated water levels at the calibration targets for both the sand and gravel and bedrock

aquifers, respectively.
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Table 4-2.

Flow Model Calibration Statistics.

Number of Residual

Observations Mean
(ft)

Residual Standard
Deviation (ft)

Residual Sum of

Squares (ft?)

85

-0.062

1.31

146.1
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Residual statistics for the calibrated groundwater flow model also indicate good
agreement between simulated and measured groundwater elevations. Table 4-2 shows the
residual mean, residual standard deviation and residual sum of squares for the calibrated
model. The mean is close to zero and the residual standard deviation is less than five percent
of the range of simulated water-level elevations for the entire model domain. In comparison
to residual statistics of groundwater flow models at other sites, these statistics show thata

very high level of calibration standard has been achieved in this modeling effort.

4,2.3 MODEL PARAMETER ZONATION

During the calibration of the model, three parameters (recharge, horizontal hydraulic
conductivity of the aquifers and vertical hydraulic conductivity of the aquitards) were varied
from their initial values to match measured and simulated water-level elevations at the
calibration targets. The final calibrated values of these parameters are shown in Figures 4-13
through 4-16.

In order to match the different hydraulic gradients in the sand and gravel aquifer, two
primary hydraulic conductivity zones were necessary. Figure 4-13 shows the hydraulic
conductivity zonation and areal extent of the sand and gravel aquifer. Over most of the
model dc;main, the calibrated horizontal and vertical hydraulic conductivity values in the
sand and grave! aquifer were 40 and 20 ft/day, respectively. In the area along Kilbuck Creek.
the calibrated horizontal and vertical hydraulic conductivity were 1500 and 150 ft/day,
respectively. This zone of high hydraulic conductivity is in agreement with the observed
hydraulic conductivity of 1500 ft/day based on a pumping test at RW-01 (GeoTrans, 1995a).
The other local low hydraulic conductivity zone values are consistent with the presence of
silts and clays in these areas.

Figure 4-14 shows the approximate areal extent of a low permeability aquitard within
the sand and gravel aquifer. Near the WRL site, the areal extent of the clay aquitard was
determined based on numerous soil borings in the area west of Kilbuck Creek. In the areas
farther away from the WRL site, the presence of the clay aquitard is less certain and may be

discontinuous. The calibrated vertical hydraulic conductivity at the aquitard was 0.00284
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ft/day, which is within the range of laboratory testing resuits (0.00037 to 0.0047 ft/day) from
analysis of Shelby tube samples collected from the clay aquitard (GeoTrans, 1995a).

Figure 4-15 shows the hydraulic conductivity zonation within the dolomite bedrock
aquifer. Over most of the model domain, the calibrated horizontal and vertical hydraulic
conductivity values were 20 and 0.2 ft/day, respectively, A high hydraulic conductivity zone
is present just east of the WRL based on observed gradients, soil logs, and constituent
distributions, and is discussed in detail in the RI {(Warzyn, 1991a). The calibrated horizontal
and vertical hydraulic conductivity values in this zone were 100 and 10 ft/day, respectively.
In the area just southeast of the Acme site, the calibrated horizontal and vertical hydraulic
conductivities were 0.235 and 0.0235 ft/day, which are consistent with values determined
from a pumping test in this area.

In the calibrated model, areal precipitation reaching the water table occurs within
three distinct zones (Figure 4-16). In the area that the sand and gravel aquifer is present, the
calibrated precipitation recharge rate was 17.5 in/yr. In areas where bedrock outcrops, the
calibrated recharge rate was 13.8 in/yr. At the Winnebago Reclamation Landfill, the
recharge rate is 2.3 in/yr based on HELP model simulations (Andrews Environmental

Engineering, 1995).

4.3 SENSITIVITY ANALYSIS

A sensitivity analysis was performed to examine the effects of uncertainties in each of
the model calibration parameters. Table 4-3 shows the parameter, parameter value multiplier,
and normalized residual sum of the squares. The response of the calibrated model to changes
in zones of recharge, horizontal hydraulic conductivity of each aquifer, and vertical hydraulic
conductivity was evaluated through a discrete sensitivity analysis. In this analysis, one
parameter at a time was varied while all other parameters were held constant. Each calibrated
parameter value was, in turn, multiplied by factors between at least 0.5 and 1.5 (a multiplier
of 1.0 corresponds to the calibrated value of the parameter). The residual sum of squarés
(RSS) computed for each parameter perturbation was normalized by dividing by the RSS

from the calibrated model. In other words, the calibrated model has a normalized RSS of 1.0,
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Table 4-3. Summary of Sensitivity Analysis.

Normalized
Parameter Multiplier Sum of Squares

Precipitation Recharge Rate in 0.5 1.69
unconsolidated sediment outcrop area

1.5 1.51
Precipitation Recharge Rate in bedrock 0.5 1.00
outcrop area

! 1.5 1.00

Precipitation Recharge Rate at Winnebago 0.5 2.47 |
Reclamation Landfill

1.5 292 II

i Hydrauiic Conductivity in unconsolidated 0.5 1.17

sediments

1.5 1.14
Hydraulic Conductivity in dolomite bedrock 0.5 2.26

1.5 1.05
Hydraulic Conductivity in clayey zone south of | 0.5 1.00
landfill

1.5 1.00
Hydraulic Conductivity in low permeability 0.5 1.54
bedrock zone east of WRL

1.5 0.988
Hydraulic Conductivity in high permeability 0.5 1.04
zone of unconsolidated sediments

1.5 1.02
Hydraulic Conductivity in high permeability 0.5 1.02
zone of dolomite bedrock

1.5 0.99
Hydraulic Conductivity of local clay near 05 1.01
monitor well G115

1.5 1.01
Vertical Hydraulic Conductivity in 0.5 1.00
unconsolidated sediments

1.5 1.00
Vertical Hydraulic Conductivity of clay 0.5 1.00
aquitard located west of Kilbuck Creek

1.5 1.00
Vertical Hydraulic Conductivity of dolomite 0.5 1.32
bedrock

1.5 1.07
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Table 4-3. Summary of Sensitivity Analysis (Continued).

Normalized
Parameter Multiplier Sum of Squares

Vertical Hydraulic Conductivity in clayey zone | 0.5 1.00
south of landfill

1.5 1.00
Vertical Hydraulic Conductivity of low 0.5 1.10
permeability bedrock zone east of WRL

1.5 1.00
Vertical Hydraulic Conductivity of high 0.5 1.00
permeability zone of unconsclidated
sediments 1.5 1.00
Vertical Hydraulic Conductivity of local clay 05 1.00
near G115

1.5 1.00
Vertical Hydraulic Conductivity in high 0.5 1.00
permeability bedrock zone

1.5 1.00

Note:
A multiplier of 0.5 and 1.5 are 50 percent parameter variations.
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and a simulation that had twice its value would have a normalized RSS of 2.0. No significant
improvement was achieved in the model calibration by these parameter changes.

The most sensitive model parameters were the areal precipitation recharge rate in the
unconsolidated sediments, and the horizontal hydraulic conductivity of the bedrock aquifer.
The higher degree of sensitivity of the model calibration to changes in recharge rate was
expected because this parameter determines the amount of water entering these aquifers. The
horizontal hydraulic conductivity of the dolomite bedrock aquifer is also sensitive because it
affects both the amount of mounding due to recharge and also the amount on inflow at the
upgradient model boundary. An additional model parameter which exhibited sensitivity was
the low hydraulic conductivity zone in bedrock located east of the WRL site. The vertical
hydraulic conductivity of typical dolomite bedrock also exhibited a lesser degree of

sensitivity.
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5 GROUNDWATER FLOW MODEL ANALYSIS

Based on the calibrated three-dimensional model developed for the WRL, analyses of
the groundwater flow budget were performed for the entire model domain and the directions
and rates of groundwater flow at the site. The groundwater flow budget for the model, in
addition to showing conservation of mass in the calibrated model, indicates the major
groundwater sources and sinks in the model and large-scale exchange of groundwater flow
between aquifers over the domain of the model. Particle-tracking analyses, performed to
evaluate groundwater flow directions from specific locations at the WRL site, provide a more
detailed assessment of groundwater movement in the unconsolidated and upper bedrock

aquifer system.

5.1 MODEL WATER BALANCE

A requirement of groundwater flow simulations with models such as MODFLOW is
the conservation of flow over the entire model domain. In other words, for a steady-state
simulation, the sum of all sources of groundwater (flow entering the model domain) should
balance the total of all groundwater sinks (flow leaving the model domain). In addition to
checking the accuracy of a model simulation, an analysis of a model's groundwater flow
budget also provides useful insight into the major directions and rates of groundwater flow
within the domain of a model.

An analysis of the major groundwater sources and sinks within the WRL groundwater
flow model has the components shown in Figure 5-1. This figure summarizes the principal
pathways for water entering and leaving the model domain for each layer of the model. On
the figure, boundary inflow refers to groundwater entering the model domain through
constant head boundary conditions specified in the model. Specifically, boundary inflow
through constant head boundaries occurs along the east edge of the model domain, which is
upgradient of the WRL site. Conversely, boundary outflow denotes groundwater leaving the

model through constant head boundaries. In the WRL model, boundary outflow occurs at the
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constant head boundaries specified in the unconsolidated and bedrock aquifers along the west
edge of the model domain. On Figure 5-1, river gains or losses refer to flow entering or
leaving surface water bodies represented in the model by river boundary conditions.

The major source of groundwater for the WRL model is precipitation recharge, which
recharges both the unconsolidated and bedrock aquifers. Most of the model boundary inflow
occurs through the upgradient boundary in the dolomite aquifer. The model shows that a
large amount of groundwater discharges to Kilbuck Creek in the model domain. Figure 5-1

also shows the significant amount of vertical flow within the model domain.

5.2 PARTICLE TRACKING

Particle-tracking techniques are useful tools for evaluating groundwater flow
directions and constituent migration pathways. Particle tracking is a simple form of
contaminant transport analysis which neglects the effects of dispersion, retardation, and
chemical reactions. Using an initial starting point, particle tracking simulates the movement
of a particle through a groundwater velocity field over time. Particle tracking also acts as a
check on model calibration by allowing comparison of simulated and observed migration
pathways and travel times.

The U.S. Geological Survey particle-tracking code MODPATH (Pollock, 1989) was
used to perform particle tracking in this modeling study. Using the calibrated steady-state
groundwater flow rates simulated with MODFLOW, MODPATH computes groundwater
velocities in the three principal coordinate directions throughout the model domain. To
compute these velocities, MODPATH requires site-specific values of effective porosity for
each layer of the model. Based on lithologies encountered at the WRL site, effective porosity
was estimated based on both laboratory testing and literature values (de Marsily, 1986). The
sand and gravel aquifer had an estimated effective porosity of 0.30 based on laboratory
testing results. For the dolomite aquifer, the effective porosity was estimated to be 0.10
based on lithology (de Marsily, 1986).

Figure 5-2 shows local particle-tracking results for the upper zone of the sand and

gravel aquifer. In this simulation, particles was initially placed in the middle of model
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layer 1. As expected, these particles discharge to Kilbuck Creek. The estimated travel time
from below the central point of the landfill to Kilbuck Creek is 1.5 to 2.0 years.

Particle-tracking results for the lower zone of the sand and gravel aquifer are shown
in Figure 5-3. The initial location for particles in this aquifer was the west edge of the
landfill and in center of model layer 2. This figure shows that most of the particles flow back
up to model layer 1 and discharge to Kilbuck Creek. However, the particle on the central
west edge of the landfill flowed beneath Kilbuck Creek and back upward to discharge at a
lower reach of Kilbuck Creek. This flow path is consistent with the interpretation that
impacted groundwater flows beneath Kilbuck Creek. The upward flow path on the west side
of Kilbuck Creek also explains why impacted groundwater is only present in the shallow
zone at monitoring well G348, and not at G34D.

Figure 5-4 shows the particle traces for particles initially placed where the landfill
directly overlies saturated bedrock. It is apparent that groundwater particles quickly flow
back up into the higher permeability sand and gravel aquifer to the west where it is saturated.
This migration pathway explains why no leachate constituents have been detected in
downgradient bedrock wells. It therefore follows that any impacted groundwater in bedrock
below the landfill will be effectively treated by the downgradient remedial system in the sand
and gravel aquifer. The expected travel time to the remedial system for these particles is
approximately 2.5 to 3.0 years.

Figure 5-5 shows the forward particie traces from particles initially placed at the
locations of the upgradient background monitoring wells G109, G109A, G113, G113A, and
G120B. These upgradient background wells are all screened in bedrock because the sand and
gravel deposits are not saturated east of the WRL. It is apparent, however, that groundwater
particles at these upgradient well locations will flow upward into the sand and gravel aquifer
and continue to the west-northwest at the WRL.

It should also be noted that impacted chlorinated compounds, which have migrated
from the Acme Solvent Superfund Site, have been historically detected in these wells.
Particle tracking shows that this impacted groundwater flows across the southeast corner and

continues below the WRL site. This model simulation shows that chlorinated compounds
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located downgradient of the WRL site are probably caused by migration from an upgradient
source. This interpretation is supported by the very low levels of chlorinated compounds in
the WRL leachate compared to the large amounts of chlorinated compounds released at the

upgradient Acme Solvent Superfund Site.
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6 CONCLUSION

A substantial amount of site-specific data has been collected at and near the WRL
site. This data was analyzed in order to develop a detailed conceptual understanding of
groundwater flow rates and direction at the WRL site. Careful attention to detail in the
development of the three-dimensional groundwater flow model for the WRL resulted in a
steady-state calibration of the model that closely reproduces measured groundwater
elevations and observed groundwater flow directions. The model-calibrated values of
precipitation recharge, horizontal hydraulic conductivity and vertical conductivity generally
matched field and laboratory estimates of these parameters. Particle tracking results showed
particle traces which are very similar to the observed distribution of elevated constituents in
groundwater. Particle tracking also showed that the background wells G109, G109A, G113,
GI113A, and G120B are along pathways of groundwater flow into the sand and gravel aquifer
beneath the WRL. Therefore, these background monitoring wells are appropriately located.
In summary, the excellent match with observed data shows that the numerical groundwater

flow model will be a useful decision-making tool for future studies at the WRL site.
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